Manure can provide valuable nutrients, especially N, for grass forage, but high NH 3 volatilization losses from standard surface-broadcast application limits N availability and raises environmental concerns. Eight fi eld trials were conducted to evaluate the emission of NH 3 from liquid dairy manure, either surface broadcast or applied in narrow surface bands with a trailing-foot implement. Manure was applied using both techniques at rates of approximately 25 and 50 m 3 ha −1 on either orchardgrass (Dactylis glomerata L.) on a well-drained silt loam or reed canarygrass (Phalaris arundinacea L.) on a somewhat poorly drained clay soil. Ammonia emission was measured with a dynamic chamber/equilibrium concentration technique. High NH 3 emission rates in broadcast treatments, especially at the high rate (2 to 13 kg ha
Manure can provide valuable nutrients, especially N, for grass forage, but high NH 3 volatilization losses from standard surface-broadcast application limits N availability and raises environmental concerns. Eight fi eld trials were conducted to evaluate the emission of NH 3 from liquid dairy manure, either surface broadcast or applied in narrow surface bands with a trailing-foot implement. Manure was applied using both techniques at rates of approximately 25 and 50 m 3 ha −1 on either orchardgrass (Dactylis glomerata L.) on a well-drained silt loam or reed canarygrass (Phalaris arundinacea L.) on a somewhat poorly drained clay soil. Ammonia emission was measured with a dynamic chamber/equilibrium concentration technique. High NH 3 emission rates in broadcast treatments, especially at the high rate (2 to 13 kg ha −1 h −1
), occurred during the fi rst few hours after spreading, followed by a rapid reduction to low levels (<0.5 kg ha −1 h −1 in most cases) by 24 h after spreading and in subsequent days. Band treatments often followed the same pattern but with initial rates substantially lower and with a less dramatic decrease over time. Total estimated NH 3 losses from broadcast application, as a percent of total ammoniacal N (TAN) applied, averaged 39% (range of 20 to 59%) from the high manure rate and 25% (range of 9 to 52%) from the low rate. Band spreading reduced total NH 3 losses by an average of 52 and 29% for the high and low manure rates, respectively. Results show that the trailing-foot band application method can reduce NH 3 losses and conserve N for perennial forage production.
Ammonia Volatilization from Surface-Banded and Broadcast Application of Liquid Dairy Manure on Grass Forage
Paul D. Pfl uke, William E. Jokela,* and Sidney C. Bosworth A mmonia (NH 3 ) volatilization has long been known to substantially reduce the N availability of manure applied to agricultural land (Heck, 1931; Midgley and Weisner, 1937) and reviews of more recent research have documented continuation of the problem (Stevens and Laughlin, 1997; Sommer and Hutchings, 2001; Maguire et al., 2010) . Volatilization of NH 3 reduces the agronomic value of manure, and it has been linked to atmospheric acid deposition that results in eutrophication and acidifi cation of surrounding forest watersheds and soils and changes in fl ora species (ApSimon et al., 1987; van Breemen and van Dijk, 1988) . As a precursor of fi ne particulate aerosols, NH 3 can also contribute to human health problems (Aneja et al., 2001) .
Ammonia emission from liquid manure applied to grassland can range from 30 to >90% of total ammoniacal N (TAN) applied, depending on soil and environmental conditions, and manure characteristics (Th ompson et al., 1987; Stevens and Laughlin, 1997; Huijsmans et al., 2001; Bittman et al., 2005) . Ammonia emission rates are typically the highest immediately after slurry application (Sommer and Hutchings, 2001; Jokela and Meisinger, 2008) , resulting in, for example, an average of 70% of the total NH 3 losses occurring in the fi rst 3 h after application in a series of 45 experiments in the Netherlands (Huijsmans et al., 2001) .
Researchers in Europe have reported reductions in NH 3 loss of >90% from shallow injection compared with surface broadcasting (Th ompson et al., 1987; Huijsmans et al., 2001; Rodhe et al., 2006) , although injection is less eff ective when high soil moisture, compaction, or high manure rates lead to incomplete manure coverage in the injection furrow (Sommer and Hutchings, 2001) . Root damage from the action of the injectors has sometimes resulted in reduced yields and stand longevity (Larson, 1986; Tunney and Molley, 1986; Prins and Snijders, 1987; Misselbrook et al., 1996; Rodhe et al., 2006) . Th is phenomenon, along with greater cost and slower application rates, has limited widespread adoption of this practice.
Another option is band spreading of slurry manure, which provides some of the benefi ts of mechanical injection without most of the associated problems found with subsurface injection into established grass sod crops (Bittman et al., 1999; Jokela and Côté, 1994) . Band spreading of slurry with a trailing-foot attachment, also known as sliding-shoe, drag-shoe, or sleigh-foot, places the manure in a series of narrow bands on the soil surface beneath the canopy of the grass sward at spacings of 20 to 50 cm. Th is reduces the surface area of the manure and minimizes exposure to wind turbulence, resulting in reductions in NH 3 loss of ≥40% compared with surface broadcast application (Svensson, 1994b; Huijsmans et al., 2001; Bittman et al., 2005) and grass yields similar to those from mineral fertilizer (Bittman et al., 1999; Carter et al., 2010) . Most of the reduction in NH 3 emission occurs in the fi rst few hours after application; lack of differences, or even slightly greater losses from band spreading, in subsequent days has led to minimal or no diff erences in total NH 3 loss in some cases (Th ompson et al., 1990; Mattila and Joki-Tokola, 2003) .
While band spreading of manure has become more common in Europe, surface broadcast application is still the dominant method in North America. Research on band application, particularly with dairy manure, has been limited. Researchers in Manitoba (Chen et al., 2001) , Alberta (Lambert and Bork, 2003) , and Quebec (Rochette et al., 2008) evaluated NH 3 losses from liquid swine manure applied with either trailing-shoe or drop-hose methods. Schmitt et al. (1999) conducted research on reed canarygrass (Phalaris arundinacea L.) response to liquid dairy manure applied in bands with a drop hose (30 cm above ground) at 76-cm spacings at very high rates in Minnesota, Iowa, and Wisconsin, but made no NH 3 measurements. Th e most extensive North American work has been done by Bittman and associates (Bittman et al., 1999 (Bittman et al., , 2005 , with dairy manure using the drag shoe and other methods on tall fescue [Schedonorus phoenix (Scop.) Holub] in the highrainfall climate of British Columbia.
We undertook a fi eld study to evaluate NH 3 loss from surface-band and broadcast spreading of liquid dairy manure on grassland to compare the eff ectiveness of these application methods on the conservation of N under soil and climactic conditions of the northern U.S. dairy belt.
Materials and Methods
Field experiments were established to evaluate the eff ect of liquid dairy manure application method-surface-broadcast or trailing-foot band application-on the emission of NH 3 on established stands of cool season grasses on two contrasting sites located approximately 14 km apart in the Champlain Valley in northwestern Vermont. Th e Shelburne Farms site consisted of an established stand of "Rough Rider" orchardgrass (Dactylus glomerata L.) on a well-drained Galway (coarse-loamy, mixed, superactive, mesic Typic Eutrudepts) silt loam managed with a four-cut harvest schedule. Th e Swift St. site consisted of an established stand of Palaton reed canarygrass (Phalaris arundinacea L.) on a moderately, well-drained Kingsbury (very-fi ne, mixed, active, mesic Aeric Endoaqualfs) clay managed with a three-cut harvest schedule. For yield and N uptake results and more details on fi eld management, see Carter et al. (2010) .
Liquid manure was applied in late fall at the Swift St. site and in early spring at the Shelburne site each year and again approximately 7 to 10 d after each harvest during the growing season (except the last one each fall). Crop regrowth produced a grass height of approximately 12 to 18 cm at the time of manure application. Th e four manure treatments were broadcast spreading and trailing-foot application in surface bands, each applied at low and high application rates (approximately 25 and 50 m 3 ha −1 per application). Th ese application rates supplied 30 to 50 and 60 to 90 kg ha −1 of TAN for the low and high rates, respectively (Table 1) . Ammonia emission measurements were performed following eight manure spreading events over 3 yr, fi ve at Shelburne Farms and three at the Swift St. site (Table 2) . Th e experimental design was a randomized complete block design using four replicates for yield data (Carter et al., 2010) and three replicates for NH 3 volatilization measurements.
Manure was obtained from a dairy farm with a sawdustbedded free stall barn. Manure was scraped daily and held in a reception pit before transfer by truck to the spreader tank on site. Manure samples collected immediately before application were analyzed using routine methods (Peters, 2003) . Gravimetric procedures were used to determine total solids content. Total N content was determined using a fl ow injection, automated N analyzer (Lachat QuikChem, Hach Company, Loveland, CO) for colorimetric analysis of distillate from standard Kjeldahl digestion (410°C for 1 h, with H 2 SO 4 and a K 2 SO 4 /CuSO 4 catalyst). Total ammoniacal N content was determined before digestion by distillation using MgO 4 as a base. Total solids content of manure for individual applications ranged from 85 to 140 g kg −1 and averaged about 110 g kg −1 (Table 1) . Th is is somewhat higher than average values commonly reported but within the range of solids content typical of liquid dairy manure in the northeastern United States . Solids content and nutrient - concentrations were similar for both application methods at each time (data not shown). Manure was applied to the plots using a 5700-L liquid manure spreader (Nuhn Industries, Sebringville, ON), equipped with in-tank mixing and powered by a 125-hp, 2-wheel drive farm tractor (Carter et al., 2010) . Applications were made using a rear-mounted splash plate for uniform broadcast application and a horizontal-boom attachment with 12 or 15 trailing hoses for trailing-foot application in narrow bands. Each of the trailing hoses was supported with formed angle iron and dragged along the ground at about 45°. Th e trailing-foot application is designed to apply manure in narrow bands directly on the soil surface, thus minimizing manure contact with any grass regrowth. Manure was supplied to fl exible hoses (50 mm diameter), leading to individual, trailingfoot outlets on the toolbar by either a 12-port distributor with a hydraulically driven rotating plate in the chamber (Trials 1 through 4) or a commercial, 15-port, positive displacement rotary chopper/distributor (Vogelsang of Essen, Germany; Trials 5 through 8). Th e 15-port system provided better uniformity of band application and reduced spacing of bands from 30 to 23 cm. Th e trailing-foot applicator spread manure in a 3.5-m wide swath with individual bands averaging 5 and 8 cm wide and 0.5 and 0.8 cm thick for low and high rates, respectively. Broadcast manure treatments were applied by splash plate to provide complete and uniform coverage of a 3-m-wide area. For Trials 1 though 4, this was accomplished with two angled splash plates mounted on a separate toolbar, but for Trials 5 through 8 a single splash plate was mounted on the band-spreading implement to facilitate quick switching between the two treatments (Carter et al., 2010) .
Th e canopy temperatures (thermocouple, 6-cm height), wind speeds (anemometer, 0.4-m height, Campbell Scientifi c, Logan, UT), and rainfall (tipping bucket, Campbell Scientifi c) were recorded with a data logger (model CR10, Campbell Scientifi c) throughout measuring periods.
Ammonia emission measurements were made using the dynamic chamber/equilibrium concentration technique (Svensson and Ferm, 1993; Svensson, 1994a) , which uses two types of passive diff usion samplers (PDS) placed either in a ventilated chamber or in an ambient conditions sampler. Th is technique is relatively inexpensive compared with other methods, does not require outside electrical power (only 12-V batteries), and is suitable for small plots. Th e technique has been used successfully by several researchers (Malgeryd, 1998; Mattila and Joki-Tokola, 2003; Misselbrook and Hansen, 2001; Rodhe et al., 2006; Powell et al., 2011) . Misselbrook and Hansen (2001) found that the equilibrium concentration technique gave NH 3 emission rates that were not significantly diff erent from those determined using wind tunnel or mass balance integrated horizontal fl ux, both commonly used methods. However, the equilibrium concentration method required careful attention to sampler preparation and selection of appropriate exposure times for the PDSs (Misselbrook and Hansen, 2001; Misselbrook et al., 2005) .
Th e fi eld measurement equipment consisted of a ventilated chamber, an ambient sampler holder, and the two types of PDS samplers. Th e plastic chamber contained a fan with a voltage regulator to maintain constant airfl ow and ensure mixing of air through the enclosure. Th e chamber was placed on a 0.31-by 0.39-m steel base frame pushed approximately 2 cm into the soil and sealed with a foam rubber strip held in place with binder clips. A curved sheet metal windscreen was placed directly in front of the end of the chamber with inlets and outlets to prevent wind from aff ecting the airfl ow.
During each measurement period, duplicates of the two sampler types were clipped into holders and positioned 2 to 4 cm above the soil surface. In a single plot, two sets of four PDSs were positioned 6 to 8 m apart within chambers and a third set was positioned between these two chambers in the ambient conditions sample holder. Th e ambient conditions samplers were protected from sun and precipitation by a horizontal, circular, plastic shield (Frisbee) (Svensson, 1994a) . At the end of each measurement period, the PDSs were removed from the holders and placed in closed vials for transport to the lab. Th e exposed fi lter papers were leached with 1 M KCl and analyzed for NH 3 -N colorimetrically on an automated N analyzer (Lachat QuikChem, Hach Company, Loveland, CO).
Ammonia fl ux per unit area and time, Q, is calculated using the following equation derived from the micrometeorological law of resistance:
where C eq is the NH 3 concentration in the air at the emitting soil/manure surface (equilibrium concentration), C a,z is the NH 3 ambient concentration in the air at height z just above the emitting surface, and K z,a is the mass transfer coeffi cient for NH 3 between those two points (Svensson, 1994a; Svensson and Ferm, 1994) . Th ese three parameters are estimated using the two types of PDS with diff erent diff usion path lengths to a fi lter paper disk impregnated with oxalic acid. One type has the acid-impregnated fi lter paper placed on top of the sampler, directly exposed to air, whereas the other type has the fi lter paper disk placed at the bottom of the sampler 10 mm below a semipermeable, Tefl on membrane, such that the fi lter traps NH 3 that diff uses along the 10-mm path. Air temperatures at the time of measurement along with chamber and sampler characteristics are incorporated into these calculations (Svensson, 1994a) . Ammonia was measured during three to seven periods over the course of 1.5 to 6.5 d for each trial (Table 2) . Ammonia sampling began immediately after manure was spread on each plot. Specifi c timing and measurement period lengths varied somewhat, but were approximately as follows:
Day 1: two consecutive periods of 1 to1.5 and 2 h beginning early afternoon Day 2 and 3: single period of 3 to 5 h beginning midmorning to late morning Day 4 and 5: single period of 6 to 7 h beginning midmorning to late morning
Because the PDSs have a saturation limit of 0.152 mg NH 3 -N, sampler exposure times were determined by the expected rate of NH 3 volatilization, with higher rates having shorter time periods. Th e shorter measurement periods on Day 1 also provided better resolution from the higher expected NH 3 emission and greater change shortly after manure application. During between-measurement periods, chambers were removed to allow exposure to ambient conditions, but base frames were left in place.
Total NH 3 emissions were estimated by combining emissions calculated for measurement periods with interpolated estimates of between-measurement emissions adjusted to the measured temperatures and wind speeds during those periods (Svensson, 1994a; Malgeryd, 1998) . In our experiment, nonmeasured periods were primarily evening and nighttimes, so the corrections reduced NH 3 emissions during these periods because of the lower temperatures and wind speeds compared with the adjacent measured periods. Th e NH 3 loss quantities for all measurement and between-measurement periods in each trial were summed to obtain an estimate of total emission and emission as a percent of applied TAN for each treatment.
Ammonia emission rates for individual measurement periods, as well as estimated total NH 3 emission, were analyzed as a randomized complete block using the general linear models procedure in SAS (SAS Institute, 1996) . Signifi cant main eff ects of application method and rate, as well as interactions, are reported at P values of 0.01, 0.05, and 0.10.
Results and Discussion

Ammonia Emission Patterns over Time
Th e general pattern of NH 3 emission over time was similar for the broadcast, high-rate treatments in seven of the eight trials, although the absolute emission rates varied considerably among trials (Fig. 1, 2, and 3) . Th e highest NH 3 emission rates occurred during the fi rst and/or second measurement periods (2 to 5 h), followed by a rapid and then more gradual reduction to very low levels in subsequent days. Band application and low-rate broadcast application treatments followed the same pattern but with substantially lower initial emission rates and with a less pronounced decrease than broadcast, high treatments. Th e general NH 3 emission pattern of high initial rates that decrease greatly within 24 h has been observed by other researchers (Sommer and Hutchings, 2001; Th ompson and Meisinger, 2002; Powell et al., 2011; Jokela and Meisinger, 2008) . As explained by and Brunke et al. (1988) , the normally high pH and high total ammoniacal nitrogen (TAN) content of manure just after spreading creates a high potential for NH 3 loss, especially on warm, summer days. As volatilization proceeds, the TAN of the spread manure decreases, as does the pH , reducing the NH 3 loss potential and lowering the emission rates. In addition, broadcast treatments appeared to dry faster, forming a surface crust, which further helped to decrease the rate of NH 3 loss . Trial 4 was somewhat of an anomaly in terms of NH 3 emission pattern with a much less pronounced decrease in emission from the high application rates during the fi rst 24 h (Fig. 2) . Th e manure application for the high broadcast treatment was 65 m 3 ha −1
, considerably greater than the target rate of 50 m 3 ha −1
. Th e higher loading of liquid manure on the soil surface, in combination with relatively low temperatures (18°C), may have decreased the rate of drying and associated NH 3 volatilization, and extended the process over a longer time period.
Manure Application Method and Rate Eff ects
Th ere were signifi cant main eff ects of both application method and manure rate in the fi rst and/or second measurement period in all trials except Trial 5, which had only a signifi cant (at P = 0.10) rate eff ect (and Trial 1, which could not be analyzed because low and high application were very similar, and broadcast rates were higher than band rates, Table 1) (Fig. 1, 2, and  3) . Th e main eff ects were lower emission rates from the trailing-foot/band application and from the low application rate. After the fi rst day, there were no signifi cant eff ects of application method and emission rates were low, <0.5 kg ha −1 h −1 in fi ve of eight trials (Fig. 1, 2 , and 3). Small but signifi cant eff ects of application rate were observed in some of the later measurement periods in Trials 5, 7, and 8. Signifi cant interactions in one measurement period of all trials refl ected greater diff erences due to application method when manure was applied at the high rate, than at the low rate (Fig. 1, 2, and 3) .
Th e reduction in NH 3 emission rates from trailing-foot band application is consistent with results from Europe and Canada (Svensson, 1994b; Huijsmans et al., 2001; Bittman et al., 2005) . Th e diff erences between application methods can be explained by a combination of factors. Broadcast spreading covers the grass sward with a relatively thin manure layer, resulting in a greater surface area exposed to the atmosphere and encouraging high initial volatilization rates (Svensson 1994b; Th ompson et al., 1990 ). Applying manure in bands reduces the surface area of manure and placement below the grass canopy provides protection from wind, resulting in less NH 3 loss during the fi rst 24 h after spreading. In addition, band placement directly on the soil surface below the grass canopy may encourage infi ltration of slurry into the soil, which would further reduce volatilization (Svensson, 1994b; Huijsmans et al., 2001) . Th e greater thickness of the manure in the band treatment, on the other hand, appeared to slow drying, delaying manure crust formation. Some researchers (Th ompson et al., 1990; Mattila and Joki-Tokola, 2003) have reported higher NH 3 volatilization rates from banded than broadcast treatments after the fi rst day, a result they attributed to this phenomenon, and found minimal diff erences in NH 3 emission between methods. While we observed no such signifi cant eff ects, there were some cases in Trials 2, 4, and 5 where band treatments were numerically higher than broadcast, although emission rates were very low ( Fig. 1 and 2) .
Total NH 3 -N losses during the 2-to 5-d periods varied greatly across trials, averaging 12 and 6 kg ha −1 for broadcast and band application, respectively, at the low rates, and 30 and 13 kg ha −1 , respectively, at the high rates (Table 3) . Reductions from band application averaged 29% at the low rate (including two nonsignifi cant increases) and 52% at the high rate. Th e eff ect of application method was signifi cant in four of the seven trials that could be statistically analyzed, whereas the eff ect of rate was signifi cant in fi ve of six trials (Table 3) . Th e high variability, as indicated by high coeffi cient of variations, may have contributed to the lack of signifi cant eff ects of method in Trials 4, 5, and 6, despite numerical decreases of 28 to 38% for band application at the high rate.
Trials 4 through 8 were conducted for selected manure applications for which annual yield and N uptake results were reported in Carter et al. (2010) . Both yield and N uptake were signifi cantly increased by band application at the Swift St. site in the fi rst of 2 yr (in which Trial 5 was conducted after the fi rst harvest) but not in the second year and at the Shelburne site in the second year (in which Trial 7 was conducted after the second harvest) but not in the fi rst year. More meaningful are results for individual harvests associated with manure applications, for which signifi cant NH 3 loss reductions were measured. Signifi cant decreases in total NH 3 emission with band application were associated with increased yield and N uptake for Trial 7 but not for Trial 8 (data not reported). Although statistically signifi cant, the total NH 3 losses in Trial 8 were very low and probably not enough to aff ect yield or N uptake.
Ammonia losses, expressed as a percent of manure TAN applied, averaged 25% for broadcast application at the low rate (9 to 52%) and 39% at the high rate (20 to 59%) (Table 4) . Th is compares to losses from band application of only 16% (6 to 39%) and 18% (11 to 25%) for low and high rates, respectively. Ammonia losses, as a percent of TAN applied, were on average higher from the high rate (and were numerically higher in all but Trial 6), but rate diff erences were signifi cant in only three of the six trials with statistics (Table 4) .
Because of the pattern of NH 3 losses over time, a large proportion of total losses occurred during the fi rst two measurements (2 to 5 h; Table 5 ). Th e percent of the total loss during the fi rst two periods averaged 60% for broadcast and 40% for band application, refl ecting the more pronounced early emission phase after broadcast application (Fig. 1, 2 , and 3). Because of the large percent of losses occurring soon after manure application, this is the most critical time to control NH 3 emissions. And, it was during this time period that band application reduced NH 3 emission rates signifi cantly in most trials.
Infl uence of Weather and Manure and Soil Properties
Th e wide range of NH 3 emission rates can be at least partially explained by diff erences in weather, manure, and soil conditions. Specifi cally, increases in NH 3 emissions have been reported with increasing temperatures (Beauchamp et al., 1982; Svensson, 1994b) and wind speed (Lockyer and Whitehead,1990; , whereas rainfall reduces NH 3 emissions (Beauchamp et al., 1982; Bouwmeester et al., 1985; Lockyer and Whitehead, 1990) . Mean temperatures at 6-cm height for the 2-to 6-d measurement periods ranged from 14 to 27°C across the various trials (Table 2) . Th ose in the upper end of this range are higher than temperatures reported in most other experiments (e.g., Malgeryd, 1998; Gordon et al., 2000) . While this may indicate real diff erences for the experimental sites, most report air temperatures from a weather station at a standard height well above the canopy (typically, 2 m).
Th ese standard air temperatures are sometimes 2 to 5°C lower than those near the soil surface (Malgeryd, 1998; Gordon et al., 2000) .
Based on the early emission rates of the high broadcast treatment, which were consistently the highest, the eight trials can be divided into two distinct groups-a low emissions group (Trials 1, 4, and 8) with maximum rates of 3.5 kg ha −1 h −1 or less, and a high emissions group (Trials 2, 3, 5, 6, and 7) with maximum rates of 7 to 13.5 kg ha −1 h −1 (Fig. 1, 2 , and 3). Trials 2 and 5, both in the high emissions group, had the highest mean temperatures (27 and 24°C; Table 2 ) and average temperatures of 29 and 36°C, respectively, during the fi rst-day, high-emission measurement periods (data not shown). Trial 2 also had the highest rate of applied manure TAN (Table 1) , giving it the largest potential source of NH 3 . Temperatures in Trial 6 averaged 21°C (Table 2) but were moderately high (27°C) during the fi rst hours when NH 3 -N emission rates were 7 to 8 kg ha −1 h −1 . Emission rates dropped to very low levels (<0.1 kg ha −1 h −1 ) after a 6-mm precipitation event 12 h after manure application, despite some temperatures in the low to mid-20s. Th e high NH 3 emission rates in Trial 3 (Fig. 1) , the highest among all the trials, cannot be explained by temperature, which averaged only 18°C. Soil moisture and wind speed may off er an explanation. Th e trial occurred on the somewhat poorly drained Swift St. site in October, following a period with frequent rainfall, which resulted in relatively wet soil conditions (not measured). Such conditions could be expected to result in high NH 3 emission rates due to a low infi ltration rate, as has been reported by other researchers (Donovan and Logan, 1983; . Mean wind speed was 2.3 m s −1 , the second highest among all trials (Table 2) , and it increased to almost 5 m s −1 (data not shown) within 2 h after manure application. A 32-mm rain event beginning 32 h after manure spreading interfered with NH 3 emissions, resulting in a shortened measurement period for this trial. Th e NH 3 emission rates in Trial 7 were quite low, consistent with low mean temperature and wind speed (Table 2) , with the exception of much higher emission in the second period for the high broadcast treatment when the temperature was 22°C (data not shown).
Th e low NH 3 emission rates in Trials 1 and 4 ( Fig. 1 and  2 ) are likely a result of low mean temperatures (15 and 17 o C, Table 2 ). In addition, the high rates of applied TAN in Trial 1 (65 and 47 kg ha −1 for broadcast and band, respectively; Table 1 ) were lower than most other high rates and the total solids content of the manure applied in Trial 4 was the lowest among all trials (8.5%). A lower solids content in liquid manure has been shown to reduce NH 3 volatilization because more liquid infi ltrates into the soil Misselbrook et al., 2005) . Ammonia emission was also low in Trial 8, despite moderately high temperatures (23 o C). However, the application rate of TAN was the lowest broadcast high rate of all the trials (59 kg ha −1 ; Table 1 ), which may have contributed to the low emission rate.
Conclusions
Broadcast application of liquid dairy manure resulted in high NH 3 emission rates in the fi rst few hours after spreading (20 to 59% at the high rate), followed by a rapid reduction to low emission levels by 24 h after spreading and in subsequent days. Band spreading with a trailing-foot implement reduced NH 3 emission rates signifi cantly only in the fi rst 2 to 5 h, but this reduced total NH 3 losses by an average of 52 and 29% at the high and low manure rates, respectively. Results of this research show that trailing-foot band application of liquid manure can be an eff ective technique to reduce NH 3 losses and conserve N for perennial forage production.
